Patient-ventilator synchrony and patient comfort are assumed to go hand in hand, yet few studies provide support for this common sense idea. In reality, synchrony between the patient and ventilator is complex and can be affected by the ventilator settings, type of ventilator, patient-ventilator interface, and sedation. Inspections of airway pressure and flow waveforms are reliable methods for detecting asynchrony, and automated detection seems accurate. A number of types of asynchronies have been defined, and asynchrony during invasive and noninvasive ventilation have different calling cards. There is a clear association between asynchrony, ventilator-induced diaphragmatic dysfunction, and duration of mechanical ventilation. Whether these are cause and effect or simply associated remains to be determined.
Introduction
Mechanical ventilation is one of the most common procedures implemented in the ICU. 1 The goals of mechanical ventilation are to improve gas exchange, reduce the work of breathing, and improve patient comfort. The interaction between the patient and the ventilator can facilitate or obfuscate the latter two goals. During the early era of positive-pressure ventilation, what is known commonly today as patient-ventilator synchrony was typically recognized only in its extreme as the patient "bucking" or "fighting" the ventilator. 2 In recent years, technology and clinical research have allowed a more detailed analysis of patient-ventilator interaction and fueled our understanding of patient-ventilator synchrony. The importance of patientventilator synchrony can be underscored by the emphasis placed in these pages in the last 2 years. [3] [4] [5] [6] [7] [8] [9] [10] While avoiding asynchrony and striving for synchrony appears to be a worthwhile goal, there remain a number of unanswered questions. Asynchrony appears to be associated with longer duration of ventilatory support, but there is no clear cause and effect. The use of ventilator flow and pressure waveforms allow detection of asynchrony, but the impact on patient comfort and the sensation of dyspnea has not been well defined. Respiratory muscle dysfunction associated with critical illness and mechanical ventilation is not nearly as well understood as ventilator-induced lung injury. One missing piece is the contribution of patientventilator asynchrony to diaphragmatic dysfunction. Most of the early work on patient-ventilator asynchrony was accomplished during invasive ventilation, but there are unique issues related to noninvasive ventilation (NIV) that have become apparent. 10 This paper will explore emerging and unresolved issues related to patient-ventilator synchrony and dyspnea.
Defining Asynchrony
There are a number of descriptions of asynchrony. Table 1 lists the common types identified in the literature.
Flow Asynchrony, Flow Mismatch, and Flow Starvation
While the recent flurry of activity has revolved around triggering and timing issues, the role of flow asynchrony during volume ventilation was detailed by Marini and colleagues in a series of papers in the mid-1980s. [11] [12] [13] They noted that the fixed flow and flow pattern of volume control in patient-triggered breaths were inflexible with respect to patient demand. In a study of normal subjects they found that changing the sensitivity from Ϫ2 cm H 2 O to Ϫ5 cm H 2 O increased the work of breathing by 34%. When the minute ventilation (V E ) was driven by increasing inspired carbon dioxide from 12 L/min to 24 L/min, the work of breathing rose by Ͼ 300%. The main determinant of work of breathing was the set flow. When flow was reduced from 82 L/min to 40 L/min, the work of breathing increased by Ͼ 50%. Even at the most favorable sensitivity and flow settings the subjects continued to expend 33-50% of the energy required for passive inflation. These authors were among the first to suggest that inappropriate selection of the ventilatory mode or flow settings might contribute to respiratory muscle fatigue and dyspnea. These experiments were accomplished using the Puritan Bennett MA-1 and the Servo 900C, but the basic tenets are still true with modern ICU ventilators.
MacIntyre and others showed that decreasing the set flow by 50% during volume ventilation resulted in significant increases in pressure-time product and esophageal pressure swings in 16 patients. They were able to achieve a pressure-time product of Ͼ 5 cm H 2 O/s in 10 of the 16 patients. They noted that increasing the flow during volume ventilation reduced patient effort, but that inspiratory time was significantly shortened. The use of pressure ventilation was found to be more effective at reducing the indices of work of breathing in patients with vigorous respiratory efforts. 14 It is important to note that the tidal volumes (V T ) used in this trial averaged nearly 750 mL, and the advantage of pressure control over volume control may not hold true with V T controlled at 6 mL/kg or less. Tobin and others described the importance of eliminating the change in the shape of the airway pressure graphic during triggered mandatory breaths, when compared to a passive breath. 15 The scalloped out portion of the pressure waveform during a patient-triggered volume breath is a well recognized sign of flow asynchrony (Fig. 1) . Interestingly, increasing inspiratory flow during a volume breath can reduce the work of breathing, but is associated with a shorter inspiratory time and an alteration in the patient's respiratory frequency. The effect of the ventilator inspiratory time on the respiratory frequency is a complicating factor when adjusting flow to reduce flow asynchrony. 16 
Missed Triggers
Missed triggers, also called ineffective triggering or trigger asynchrony, refers to patient efforts that are not sensed by the ventilator. 17, 18 Missed triggers can be the result of inappropriate trigger sensitivity setting, respiratory muscle weakness, diminished respiratory drive, dynamic hyperinflation, or a combination of these factors. Dynamic hyperinflation associated with large V T during pressure support ventilation (PSV) in patients with elevated airways resistance and normal pulmonary compliance (eg, COPD) are the most often described reason for missed triggers. [17] [18] [19] [20] [21] [22] [23] Missed triggers can also occur during volume control ventilation.
Missed triggers are easily identified by inspection of the expiratory flow waveform (Fig. 2) . A positive deflection in expiratory flow, followed by an increase in expiratory flow without delivery of a breath from the ventilator, can be detected on the waveform display of most ventilators. The pressure tracing is rarely altered, as that change would be detected by the ventilator and a breath delivered. This "notch" in the expiratory flow may be described as 2 expiratory periods. The gold standard for detecting missed triggers is the use of esophageal monitoring or measurement of the electrical activity of the diaphragm. 17, 18 However, both methods require placement of an esophageal catheter, which is not used in routine care.
Auto-triggering
Auto-triggering is delivery of a breath that is neither scheduled based on the set respiratory frequency nor initiated by the patient (Fig. 3) . Esophageal monitoring is the gold standard here as well, as a breath delivered in the absence of diaphragmatic contraction is clearly auto-triggered. Auto-triggering can be caused by leaks in the patient-ventilator system or improper setting of the sensitivity (too sensitive). Auto-triggering is one of the most Fig. 1 . Volume control continuous mandatory ventilation demonstrating a mandatory breath delivered without patient effort, followed by 2 breaths where patient demand exceeds the set ventilator flow, depicting the classic alteration in the pressure waveform followed by a second mandatory breath. common types of asynchrony during NIV. However, autotriggering may be caused by condensate in the circuit, resulting in transient changes in flow, cardiac oscillations, 24 -32 and improperly placed pacing wires. 33 Auto-triggering during invasive ventilation commonly occurs in the patient with normal respiratory mechanics and a bounding pulse (large stroke volume). The change in intrathoracic pressure creates a change in the airway pressure and flow signal. Critically, this may also occur in the patient with a devastating brain injury and normal lung mechanics. 24 -32 The literature demonstrates a number of cases of auto-triggering in patients with brain death, leading to inappropriate delays in organ donation. 24 -32 Autotriggering can result in sudden respiratory alkalosis and worsen intrinsic PEEP and cardiac embarrassment. Clinically, if auto-triggering is suspected, disconnecting the patient from the ventilator briefly allows inspection of the patient's innate ventilatory rate. Similarly, if auto-triggering occurs during a spontaneous breathing trial, clinicians may be misled into believing that the trial has failed.
Auto-triggering is the most common type of asynchrony during NIV, resulting from leaks around the interface. 34, 35 Carteaux et al found that auto-triggering was the rule rather than the exception when using ICU ventilators to ventilate a lung model with a variable leak. They found that the NIV option of these ventilators improved the magnitude of auto-triggering, but that the use of devices built to work with a leak performed best. 34 Prinianakis found reciprocal findings in a comparison of an ICU ventilator and noninvasive ventilator during support of intubated patients. 36 The NIV device had a shorter trigger delay and fewer missed triggers than the ICU ventilator, but also had 5 times as many auto-trigger events.
Double-Triggering
Hill and Pearl described double triggering as 2 consecutive inspirations occurring within an interval of less than half of the mean inspiratory time. 24 Double triggering (Fig. 4) typically occurs during volume control continuous mandatory ventilation, but has been described during neurally adjusted ventilatory assist. 37,38 During PSV with a high flow termination criterion, double triggering is also possible. Double triggering can be caused by aggressive patient efforts in conjunction with small V T and short inspiratory times. Specifically, if respiratory drive is high, set V T is in lieu of patient demand, and inspiratory time is shorter than neural inspiratory time, the mandatory breath will be delivered, followed by a second breath as the trigger threshold is surpassed. In the presence of a true double trigger, the second breath usually achieves a higher peak inspiratory pressure, as the breaths are stacked. Double triggering may result in overinflation and pulmonary barotrauma/volutrauma.
Reverse Triggering
Akoumianaki and colleagues have recently described "reverse triggering" as a unique type of neuromechanical asynchrony. 39 In 8 heavily sedated patients with ARDS they found that 7 patients had entrainment of neural breaths within mandatory breaths. This entrainment occurred at a ratio of 1:1 up to 1:3. Entrainment has been described previously, but this is the first description in heavily sedated patients receiving volume control ventilation. 40 -42 While these findings are preliminary, it is possible that entrainment may result in pliometric contractions of the diaphragm. Pliometric contractions are associated with cytokine release and damage to muscle fibers. Clinically speaking, this might result in alterations in measured plateau pressures, increased oxygen consumption, and hemodynamic instability. 43 This may play a role in ventilatorinduced diaphragmatic dysfunction.
Mode Asynchrony
Mode asynchrony has been described during synchronized intermittent mandatory ventilation (SIMV) 12, 44 and volume support ventilation. 45 Marini and colleagues studied the work of breathing in 12 acutely ill patients during SIMV, and found that the frequency and V T of spontaneous breaths increased at lower levels of mechanical ventilation. As the mandatory breath rate was reduced, inspiratory work and pressure-time product increased progressively for both breath types. They concluded that the respiratory muscles remained active at all levels of ventilator assistance. Work per liter increased linearly with V E , but the force generated by the patient was not different between spontaneous and mandatory cycles. This lack of adaptation to spontaneous and mandatory breaths precluded effective unloading of the respiratory muscles. 12 Leung et al found that, during SIMV, missed triggers were common immediately after mandatory breaths as a result of the larger V T and longer inspiratory time. By reducing the mandatory breath rate, missed triggers were reduced in part as respiratory drive increased. Both of these studies conclude that the use of SIMV in COPD patients is ineffective in unloading the respiratory muscles. 44 Jaber et al compared PSV to volume support ventilation during a period of increased ventilatory drive created by adding dead space to the breathing circuit. They found that during volume support ventilation, as patient demand increased, ventilator output decreased, resulting in greater increases in the work of breathing, compared to PSV. 45 The increase in respiratory effort increases delivered V T .
The ventilator algorithm responds by reducing the delivered pressure, shifting work to the patient. This effect occurs with other adaptive pressure modes as well, but seems to be less severe with V E controllers. 46
Premature and Prolonged Cycling
Premature cycling or short cycling occurs with poor matching of neural and ventilator inspiratory times. When the patient's neural inspiratory time exceeds the ventilator inspiratory time, the asynchrony is known as premature cycling. When the ventilator inspiratory time exceeds the patients neural inspiratory time, the asynchrony is known as prolonged or delayed cycling. Delayed cycling is common during PSV in patients with obstructive lung disease, leading to missed triggers. 6, 24, 37 The flow termination criteria of the ventilator also has an important impact on the development and resolution of prolonged cycling. [47] [48] [49] [50] [51] [52] Premature cycling can occur when high a flow termination criterion is utilized in patients with restrictive lung mechanics. [53] [54] [55] In these instances, missed triggers are reduced, but the work of breathing and incidence of double triggering increases.
Identifying Asynchrony
From a clinical standpoint, evaluation of airway pressure, flow, and volume signals on the ventilator display is the most frequently used method for detecting asynchrony. 56 -58 However, monitoring esophageal pressure, electrical activity of the diaphragm, and diaphragmatic electromyogram can supply additional information, but are not routine or practical. 6, 59, 60 The more invasive techniques are less likely to be affected by artifacts and are more sensitive at detecting asynchrony. However, the everyday care of patients in the ICU, for the moment, relies on the airway graphics. 61 Epstein has detailed a number of issues that impact the detection and reported incidence of asynchrony. 6 These include the timing, duration, and number of observations. Short periods of observation are likely to under-report asynchrony. Similarly, observation of patients during periods of heavy sedation are unlikely to observe substantial asynchrony. Timing is important as well; the degree of asynchrony is likely very different on day 1 than day 7 or 14. Several observational periods over the course of a single day might detect a greater incidence of asynchrony, compared to a daily measurement and at a specified time. The mode of mechanical ventilation and lung mechanics of the study population also impact the reported incidence of asynchrony. 62 Neuromuscular weakness, heavy sedation, and COPD are more likely to result in missed triggers, although in the latter diagnosis the mechanism is different. Elevated V T and V E settings are associated with greater asynchrony, despite the greater level of machine support. Patient-ventilator interaction is complex, and the number of factors influencing synchrony requires a careful bedside approach and the appropriate application of ventilator technology to remedy the problem.
Automated Detection of Asynchrony
To date, detection of asynchrony has required well trained clinicians at the bedside. More recently, several investigators have explored the use of machine learning and pattern recognition to automatically detect asynchrony. [63] [64] [65] [66] [67] In most instances these systems specifically address the issue of missed triggers. Chen et al used measurements of flow and pressure deflections to detect missed triggers in 14 mechanically ventilated patients. They demonstrated a sensitivity and specificity of Ͼ 90% for detecting missed triggers. 63 Mulqueeney and others have shown that pattern recognition software can detect missed triggers during the expiratory phase with an overall accuracy of near 95%. 64, 65 More recently, Blanch and colleagues have evaluated the Better Care system for detection of missed triggers during invasive ventilation. 66 The Better Care software calculates a theoretical mono-exponential expiratory flow curve and compares it to the actual expiratory flow curve by evaluating the percentage deviation. The system uses a series of curves with no evidence of missed triggers and averages these to create an ideal curve. The actual expiratory flow curves are then compared to the ideal. The authors report that the system is able to detect the presence of secretions in the patient/ventilator circuit and eliminate this artifact. They studied 8 patients, collecting over 2 million breaths, of which a random sampling of 1,024 breaths were analyzed. The authors classified the breaths as including a missed trigger or not, and compared the automatic system to the analysis of experts and data from electrical-activity-of-the-diaphragm signals. As in other studies, the authors demonstrated a sensitivity and specificity of Ͼ 90%.
Cuvelier and colleagues studied a system to automatically detect missed triggers during NIV. 67 They evaluated 14 cystic fibrosis patients receiving nocturnal NIV. These authors evaluated both pressure and flow tracings while comparing the algorithm to esophageal pressure measurements. They displayed the flow tracings as a 2-dimensional graph in space with a time delay. The presence of missed triggers resulted in 2 distinct graphs with similar shapes but significantly different magnitudes. The difference in the size of the tracings demonstrates the presence of missed triggers. The algorithm correctly identified 100% of triggered cycles and 53/56 (94.6%) of missed triggers. They noted that when missed triggers were identified, the V E was significantly reduced.
Each of these systems appears to lend itself to implementation in a mechanical ventilation system. However, there are limitations. One issue is the presentation of the information to the clinician. Would every missed trigger be reported? Would only those subjects with an asynchrony index Ͼ 10% have a warning or alarm displayed on the ventilator? What effects would variable leaks, condensate in the circuit, and secretions in the artificial airway have on the accuracy of these systems? Would the ventilator display the number of missed triggers as a function of the total breathing frequency? If the system detected missed triggers, could the detection lead to triggering algorithms that would eliminate the missed triggers? In the latter instance, perfect patient-ventilator interaction (one ventilator breath for each patient effort) could lead to elevated V E and, in the case of obstructive lung disease, worsening of intrinsic PEEP.
Cardiac systems available in ICUs and physicians' offices have had pattern recognition and automated diagnoses on electrocardiographic rhythms for many years. Respiratory monitoring has been slow to catch up. These systems require further investigation to determine the best method for detection and the best methods for conveying that information to the clinician in a manner that positively impacts patient comfort.
Incidence of Asynchrony and Outcomes
The incidence of asynchrony has been reported by a number of investigators. 19 -23,62 With the background by Epstein that the reported incidence has a number of pitfalls, there has been a growing body of literature evaluating this topic. 6 Importantly, invasive and noninvasive ventilation have different types of asynchrony and different reported rates; these are discussed separately below.
Invasive Ventilation
The reported incidence of asynchrony during invasive ventilation is limited in that several studies report only the incidence of missed triggers, while others include other types of asynchrony as well. Table 2 details the results of these studies. There is a wide range reported for the asynchrony rate (10 -85%). One study evaluated patients in a regional weaning facility 20 while the others are acute care hospital studies. 19, [21] [22] [23] 62 An evaluation of these 6 trials suggests that during invasive ventilation, missed triggers are the most common asynchrony. In the study by Thille et al, in a medical ICU with a number of COPD patients, missed triggers accounted for 85% of all reported asynchronies. 21 Robinson et al evaluated a group of injured patients and found few instances of missed triggers, despite the fact that a quarter of the patients had a diagnosis of COPD. However, an exacerbation of COPD is not what brought these patients to the ICU. Pain and anxiety following trauma and surgery likely impact these patients, compared to the COPD patients who requires intubation following an exacerbation.
Robinson et al found during the use of adaptive pressure ventilation (AutoFlow, Dräger, Telford, Pennsylvania) in the SIMV mode that "breath stacking" was a common asynchrony. While traditional volume control modes attempt to prevent breath stacking during SIMV, this algorithm appears to allow a pressure support breath to begin and then be followed by a mandatory breath, prior to exhalation (Fig. 5) . Because the breaths are pressure limited, this stacking may not have the consequences seen with a volume breath. However, Figure 1 clearly demonstrates a stair step breath delivery with an inspiratory time longer than the set inspiratory time, and an increased V T . The clinical implications of this finding are unclear. These authors also found that asynchrony was more common when set ventilator frequency was Ͼ 10 breaths/min in the SIMV mode.
Asynchrony and Outcome
The presence and severity of asynchrony is associated with prolonged mechanical ventilation, longer ICU stay, and mortality. However, we do not know if asynchrony simply serves as an indicator of severity of illness or if asynchrony results in prolonged duration of ventilation. Manufacturers find it attractive to say that if asynchrony can be improved by new modes, then outcomes can be improved. However, synchrony has no therapeutic effects, and improving synchrony does not guarantee better outcomes. Chao et al demonstrated in 174 chronically ventilator dependent patients that those with ineffective triggered breaths required a longer duration of mechanical ventilation (70 d vs 33 d) and a lower rate of eventual liberation (16% vs 57%). 20 Thille et al reaffirmed an association of prolonged mechanical ventilation with an asynchrony index Ͼ 10% (median duration 25 d vs 9 d), and also described a higher rate of tracheostomy in the asynchrony group (33% vs 4%). 21 Both of these important works were performed in older critically ill medical pop- 62 These findings likely represent the difference in indications for mechanical ventilation and type of respiratory dysfunction.
Asynchrony in NIV
The major difference in patient-ventilator synchrony during NIV is the presence of leaks (intentional and unintentional) in the circuit and mask, complicating ventilator breath delivery. Vignaux et al evaluated 60 patients with acute respiratory failure during NIV to determine the prevalence of patient-ventilator asynchrony. 68 The authors used 30 min recordings of airway pressure, flow, and surface diaphragmatic electromyography to detect asynchrony. They defined asynchrony events as ineffective triggering, double triggering, auto-triggering, premature cycling, and delayed cycling. An asynchrony index Ͼ 10% was considered severe asynchrony, based on previous studies. 21 The investigators also determined patient comfort using a visual analog scale.
They reported the presence of auto-triggering in 8 patients (13%), double triggering in 9 patients (15%), missed triggers in 8 patients (13%), premature cycling in 7 patients (12%), and late cycling in 14 patients (23%). One type of asynchrony was identified in 18 patients, 10 patients had 2 types, and 4 had 3 types. The asynchrony index was Ͼ 10% in 26 patients (43%). Factors predicting an asynchrony index Ͼ 10 were the level of pressure support and the magnitude of leak (the greater the leak, the greater the asynchrony index).
Carteaux and colleagues evaluated NIV in 15 patients during 3 periods of observation. 34 This study included a sophisticated bench study of ventilators used for NIV, detailing the impact of leaks on asynchrony. They found that ICU ventilators commonly demonstrated auto-triggering, which was improved by the activation of the NIV mode of the device to enhance leak compensation. However, they found that the ventilators designed for NIV meant to work with a leak in the system had the lowest incidence of auto-triggering. In the patient study the asynchrony index was significantly lower with a dedicated NIV ventilator, compared to an ICU ventilator, with or without the NIV algorithm activated. The asynchrony index was 0.5% (0.4 -1.2%) for dedicated NIV devices, 3.7% (1.4 -10.3%) for ICU ventilators, and 2.0% (1.5Ϫ6.6%) for ICU ventilators with the NIV algorithm engaged. The major difference was a decrease in the number of auto-triggers.
In a comparison of ICU ventilators with and without NIV algorithms engaged, Vignaux et al studied 65 patients during NIV. They reported asynchrony rates without and with the NIV algorithm as: auto-triggering in 14 (22%) and 10 (15%) patients, missed triggers in 15 (23%) and 5 (8%) (P ϭ .004), late cycling in 11 (17%) and 5 (8%) (P ϭ .003), premature cycling in 22 (34%) and 21 (32%), and double triggering in 3 (5%) and 6 (9%). 38 The mean number of asynchronies created by leaks was significantly reduced by the NIV algorithm. They found a significant correlation between asynchrony and the magnitude of leaks when the NIV algorithm was not activated (P ϭ .03). Interestingly, the total asynchrony index did not change, as on several ventilators the NIV algorithm appears to increase the rate of premature cycling.
The study by Carteaux et al is compelling in that the bench study supports the clinical findings. 34 However, compared to the study by Vignaux et al, the rate of asynchrony was very low, regardless of the type of ventilator. 68 So, while the difference in the actual incidence of asynchrony was 6-fold or more, the asynchrony index remained below 10% in all cases. It cannot be argued, however, that the leak compensation of dedicated NIV ventilators has been shown to be superior to ICU ventilators in this and a number of other studies. 38,68 -72 ICU ventilators perform better when the NIV algorithm is implemented, and clearly some ICU ventilators perform better than others.
The interface used with NIV impacts patient-ventilator interaction and patient comfort. 10 Additionally, the type of humidification device and level of humidity can impact synchrony with respect to rebreathing and patient comfort. 10, [73] [74] [75] [76] These factors have been described in detail by Hess. 10 
Asynchrony and Outcome in NIV
Vignaux et al found that the comfort score was higher in patients with an asynchrony index Ͻ 10% during NIV, but found no association between intubation rate, stay in ICU, or mortality and an asynchrony index Ͼ 10%. 68 The work by Carteaux and others did not attempt to evaluate outcomes. The study by Vignaux and colleagues comparing ICU ventilators with and without NIV algorithms showed no difference in the total asynchrony index incidence, but no other outcomes were assessed.
Asynchrony and Sleep
Parthasarathy and colleagues demonstrated significant alterations in sleep patterns associated with the mode of ventilatory support. 77 These early findings have been confirmed by a number of other authors. 78 -84 The data suggest that in patient triggered modes of ventilation, excessive support (too high pressure level in PSV or too high a gain in proportional assist ventilation) can result in the patient's P aCO 2 falling below the apneic threshold. This is followed by a period of apnea during which P aCO 2 increases and the drive to breathe causes arousal from sleep. (Fig. 6) More recently, Alexopoulou and colleagues suggested that while proportional assist ventilation improves synchrony during sleep in ICU patients, there was no difference in the quality of sleep. 84 Delisle found that neurally adjusted ventilatory assist improved sleep quality, compared to PSV. They reported greater missed triggers during PSV, along with more sleep arousals. This was a crossover trial with short (4 h) periods of observation. 81 Córdoba-Izquierdo et al evaluated sleep during NIV with dedicated NIV ventilators and ICU ventilators in 24 patients with hypercapnic respiratory failure. 82 They reported that sleep architecture was similar between groups, including sleep fragmentation (number of arousals and awakenings per hour). However, the dedicated noninvasive ventilators demonstrated a higher patient-ventilator asynchrony-related sleep fragmentation (28% [17-44%] vs 14% [7.0 -22%], P ϭ .02), while ICU ventilators created a higher noise-related sleep fragmentation. Missed triggers were more frequent with the dedicated NIV ventilators. They reported more sleep time and better sleep quality during NIV, compared to spontaneous breathing periods (P Ͻ .05). These findings are in conflict with previous data regarding NIV dedicated ventilators from this same group of investigators. However, it is important to note that, while in this instance there was no difference is sleep quality with the 2 different types of ventilators, sleep during NIV was still superior to sleep during unassisted breathing.
Unresolved Issues
While our understanding of patient-ventilator interaction continues to improve, there remain issues that are unresolved and require further investigation.
Asynchrony and Respiratory Muscle Dysfunction
As early as 1985, Marini et al suggested that insufficient unloading of the respiratory pump during mechanical ventilation could result in respiratory muscle fatigue and injury. 11 In the intervening years a number of animal studies suggest that ventilator-induced diaphragmatic dysfunction (VIDD) can occur. [85] [86] [87] [88] These studies often include the use of continuous mandatory ventilation, which is rarely used in humans, with the exception of those cases requiring paralysis. The importance of VIDD in humans is becoming better understood and is considered here.
During normal breathing the inspiratory muscles, primarily the diaphragm, shorten during contraction. During expiration the diaphragm lengthens as lung volume passively falls to functional residual capacity. As we have seen, in obstructive lung disease, missed triggers occur primarily during expiration. Contraction of the diaphragm during the expiratory phase, as occurs with a missed trigger, can result in muscle contraction during lengthening. In skeletal limb muscles this type of contraction, known as eccentric or pliometric contraction, leads to muscle fiber injury and reduced strength.
Studies in humans have demonstrated the presence of VIDD over short periods of ventilatory support. 89 -91 The landmark work by Levine 90,91 in brain-dead patients has shown conclusively that VIDD occurs following 18 - 69 hours of complete diaphragmatic inactivity coupled with mechanical ventilation. Biopsies of the diaphragm demonstrate marked atrophy of myofibers. These findings are consistent with increased diaphragmatic proteolysis during inactivity. Hermans 92 and others 93, 94 have also demonstrated VIDD and progressive diaphragmatic muscle weakness during short-term ventilatory support.
The unresolved issues surrounding asynchrony and VIDD are related to confounding factors and the difficulty in determining the amount of work the respiratory muscles should do during respiratory failure. Even the human work of Levine and others is complicated by the presence of sedation and analgesia. Sepsis is also an important confounding factor that can lead to muscle atrophy in the absence of mechanical ventilation. The study by Papazian et al demonstrating short-term paralysis results in improved outcomes in ARDS further complicates the issue. 95 These authors have suggested that early short-term paralysis facilitates lung-protective mechanical ventilation by improving patient-ventilator synchrony and limiting both asynchrony-related de-recruitment and regional overdistention. While this strategy allows an assessment of the patient's status and does potentially reverse these 2 components of ventilator-induced lung injury, it is unclear how even shortterm paralysis is advantageous for diaphragmatic muscle strength.
Asynchrony and Dyspnea
Dyspnea is a subjective experience of breathing discomfort that consists of qualitatively distinct sensations that vary in intensity. Dyspnea is often thought of as a sensation similar to pain, which avoids an objective definition. Other attempts at defining dyspnea include "difficulty in breathing," "disordered or inadequate breathing," "uncomfortable awareness of breathing," and as the experience of "breathlessness." 96, 97 Dyspnea is a common manifestation of respiratory and cardiac disease, resulting from an increase in respiratory drive or effort required to overcome an imposed load, in the proportion of respiratory muscle force required for breathing, and in V E requirements. 96 The sensation of dyspnea and the underlying physiology are complex and include interaction of chemoreceptors, peripheral sensory receptors, the cerebral cortex, and "psychophysics." Dyspnea commonly occurs in conscious patients, and the patient's experience is an important component of the diagnosis and treatment. 96 Few studies have evaluated the interaction between dyspnea and synchrony. In an early trial, Leung et al compared continuous mandatory ventilation to SIMV and SIMV plus pressure support and PSV alone in 11 hemodynamically stable patients. They evaluated pressure-time product and respiratory drive, and measured dyspnea using the Borg scale. 44 Patients were placed on an IMV rate equivalent to the rate in continuous mandatory ventilation. The IMV rate was then decreased from 100% of that value to 0%. Pressure support of 10 cm H 2 O was added to IMV or provided at a level that delivered a V T of 10 mL/kg. Pressure support was then likewise decreased in 20% increments, and finally spontaneous breathing was evaluated. They found that increases in the level of ventilator assistance produced progressive decreases in inspiratory muscle work, but also resulted in more missed triggers. Missed triggers were more common at higher levels of assistance, presumably due to a reduction in ventilatory drive. Dyspnea was reduced in spite of the increased missed triggers, and PSV was superior to IMV at low levels of assistance.
Knebel et al compared Borg scores in patients during weaning, using both IMV and PSV. 98 In 21 patients requiring mechanical ventilation for Ͼ 3 days, breathing comfort was measured during sequential reductions in the level of assistance, using both SIMV and PSV weaning. Breathing comfort was defined by subjective ratings of dyspnea and anxiety. Patients reported substantial levels of dyspnea and anxiety prior to initiation of weaning attempts, despite having rested for at least 6 hours prior to study start. Dyspnea and anxiety were not significantly different between the 2 methods. The authors concluded that dyspnea and anxiety were higher than expected on "full" ventilatory support, and that comfort may not differ between PSV and SIMV during active weaning of ventilator support. 98 More recently, Schmidt and co-workers have reevaluated the impact of dyspnea during mechanical ventilation, and particularly the role of asynchrony. 99 The authors studied 96 patients requiring mechanical ventilation for Ͼ 24 hours. Patients were asked if they had dyspnea, using a yes or no response, and then were allowed to qualify the answer as due to air hunger or respiratory effort. The Borg scale was used along with visual analog scales for pain and anxiety. Forty-five patients (47%) reported dyspnea, with respiratory effort being identified in 7 cases, air hunger in 15 cases, both in 16 cases, and neither in 7 cases. There was no difference between dyspneic and nondyspneic patients in terms of age, Simplified Acute Physiology Score II, indication for mechanical ventilation, breathing frequency, clinical examination, chest radiograph, or blood gases. Dyspnea was significantly associated with anxiety (odds ratio 8.84, 95% CI, 3.26Ϫ24.0), volume control continuous mandatory ventilation (odds ratio 4.77, 95% CI 1.60 -4.3), and heart rate (odds ratio 1.33 per 10 beats/min, 95% CI 1.02-1.75). An important goal of the study was to determine the role of adjustments in mechanical ventilator settings as a method to reduce dyspnea. In patients receiving continuous mandatory ventilation, increases in V T , inspiratory flow, and PEEP were made systematically, with reevaluation of dyspnea following each change. Patients receiving PSV had increases in the pressure support level, followed by increases in the trigger sensitivity.
The authors arbitrarily determined that ventilator settings were involved in the pathogenesis of dyspnea when the post-intervention visual analog scale rating was lower than the pre-intervention level by at least 1 cm. Patients were placed into 2 groups: those who had a reduction in dyspnea following ventilator manipulation, and those who did not. Adjusting ventilator settings improved dyspnea in only 35% of patients.
There was a significant difference in the rate of successful extubation within 3 days of evaluation between patients who had a reduction in dyspnea, compared to those who did not. Extubation was significantly less frequent in patients whose dyspnea failed to recede after adjusting ventilator settings (5 [17%] vs 27 [40%], P Ͻ .03). ICU stay was also longer for the group whose dyspnea could not be ameliorated by ventilator manipulations. The authors concluded that dyspnea was frequent, intense, and strongly associated with anxiety in mechanically ventilated patients. The inability to alleviate dyspnea with ventilator manipulations predicted longer duration of ICU stay and longer time until successful extubation.
These findings are important to the discussion of patient-ventilator synchrony. While manipulating ventilator settings reduced dyspnea in a third of patients, more importantly, two thirds of patients were unaffected by ventilator alterations. In these cases a combination of sedation and analgesia may be required. However, excess sedation should be avoided, as this can also lead to prolonged ventilatory support.
Finally, there is evidence that the patients' subjective impressions of their own ability to breathe spontaneously correlated with successful extubation, which suggests that, when possible, we should include our patients in the discussion, and, when possible, the decision. 100
Summary
Patient-ventilator synchrony is a complex issue that includes patient factors, ventilator type, interface, mode, ventilator settings, and the patient's sensation of dyspnea. Sedation and analgesia also play an important role. VIDD appears to be following the path of ventilator-induced lung injury, and our future ventilator strategies will have to consider this issue. The role of paralysis is unclear, but it may be both helpful and harmful. Ventilators have a host of methods for improving synchrony, and these should be studied in light of the findings that only one third of patients can have their dyspnea ameliorated by changes in ventilator output. Additionally, the impact of patient-ventilator interaction and synchrony on outcomes needs to be evaluated to determine if asynchrony simply predicts severity of illness and prolonged ventilation, or causes it. It's an efficient way of letting patients declare themselves, it reinforces the most fundamental concepts regarding asynchrony, and it clearly focuses clinicians on trying to balance these competing problems. I don't think we're very good at this; we're too focused on the ventilator modes and adjustments. We end up trying to chase the patient.
Marini:
That's a valid point, Rich. You should look at the first couple breaths after you make the switch. Just like with SIMV, the patient doesn't change their effort much for the first breath or two. Then if they get an SIMV breath, they get a deep breath and actually down-regulate their breathing 2 or 3 breaths down the line, which may result in auto-PEEP during a big breath, but the deeper breath also causes less effort by the patient 2 breaths down the line, so to speak. So these neural interactions have a time component as well.
MacIntyre: To cut to the chase here, does anybody in this room believe that SIMV still has a role? Let the record show, I don't see a hand.
Branson:
We still use SIMV: it depends on the surgeon's or the intensivist's decision. But at a meeting with Scott Epstein, I asked him how many of his patients are on SIMV, and he said none: they never use SIMV. But then the paper gets published and 70% of the patients in the de Wit study were on SIMV. 4 Marini: Occasionally I think there is: for the deeper breaths to re-expand any lung units that happen to be collapsed because you're not using enough PEEP, or whatever. Also, variability and depth of breathing may not necessarily be bad: healthy folks do it all the time, and it has been suggested as helping with gas exchange. There may be reason to use intermittent deep breaths in certain situations.
MacIntyre:
What you're really describing, though, is perhaps a sigh breath interspersed with the variable V T and flows that you might get with, say, pressure support.
Marini: Yes, a deeper breath.
Kacmarek: What you really are describing is that we should use modes that follow what the patient wants to do, instead of modes where we force the patient to follow the way we set the ventilator. I'd add to that that we should set PEEP properly so that we don't have to worry about collapse at end-exhalation. We should encourage modes that improve asynchrony because they don't force a pattern on the patient, but instead allow the patient to select the pattern their ventilatory center establishes. I can't support SIMV as an approach to ventilation, but sometimes we use it because it seems to be the best alternative we have available. It still is not, in my opinion, an appropriate selection.
Marini: I seldom use it, but there is an argument for using it.
Schmidt:
The argument that we should provide the ventilatory support the patient wants might sometimes be harmful, for example, if the patient wants a 2-liter tidal volume. I'm exaggerating, obviously, but should we let the patient injure his or her own lung? I have a problem with this. For example, it has been documented that the early use of pressure support in ARDS might be injurious to the lung; the ventilation the patient desires might be harmful.
Kallet: This is particularly sacrilegious coming from someone who's as strong of an ARDS Network supporter as I am, but when someone is acutely in distress and they can't get enough air after, let's say, suctioning, I don't think it's horrible for a minute or so to let the person catch their breath. And maybe a touch of sedative to calm them down if they feel like they're suffocating. I think sometimes we over-sedate patients because we won't even give them a couple of breaths to try to relieve their dyspnea, but instead we force them to breathe at 5 or 6 mL/kg. It's a hard thing to judge, I know, but with issues of excessive sedation in the ICU it's something we might need to consider.
Secondly, I think in some cases of respiratory distress, when the patient has a monotonous breathing demand, giving them a constant signal, whether it's a constant pressure or constant volume, may actually, over time, give them something to synchronize with. I think this might be preferable to this chaotic situation with closed-loop ventilation where the patient is out of synchrony with the ventilator and the patient is trying to adapt to the ventilator and the ventilator is trying to adapt to the patient. There's not a clear answer, but I think we need to think more in depth about this.
Kacmarek: Uli, the potential problem you described when allowing the patient to do what the ventilatory center dictates just does not happen! When you put a critically ill patients on CPAP and allow them to breathe on their own, they never take a 2-liter V T unless drug-induced.
Kallet:
If they're extremely acidoticand have good muscle tone, they can sometimes generate very high pressures. If they're really acidotic, the brain tells them to breathe with a Kussmaul pattern. I see quite a few patients who can still inhale 900 mL or more, despite low chest compliance.
Kacmarek:
The patient you describe needs to be controlled. My point is that most patients, particularly patients with ARDS, if allowed to control their ventilatory pattern, select a small V T and a rapid breathing frequency. You rarely see somebody choosing the huge V T you're talking about.
Schmidt: What about a young trauma patient?
Kacmarek: A young trauma patient is different because they have to be sedated. No matter what ventilation mode you choose, they may not be in the physiologic condition to be allowed to breathe spontaneously. If you look at the data on PAV or NAVA, most patients allowed to select their own ventilator pattern will choose a smaller V T than we would choose, and they will generally choose a more rapid breathing frequency than we would choose. Obviously, there are exceptions, but the vast majority of critically ill patients chose a rapid shallow ventilatory pattern.
Gajic: I'll again bring up the timing issue. I think it's a very big difference between early critical illness-and I mean the first 24 hours, not a week. What you do during the first 24 hours, after optimizing everything and preventing the rapid downward spiral of organ dysfunction, is extremely important. Days later the system appears to be less responsive to outside manipulation. Forcing sedation and paralysis during later stages of critical illness is unlikely to be beneficial. For those patients I don't think it matters if you have every fifth breath double stacking, or if they take large spontaneous tidal volumes. Some of these patients have central hyperventilation.
I am not aware of any evidence that this is detrimental by itself. I think the timing is very important when we talk about these things. Kacmarek: You gave me the impression with that answer that every patient you intubate acutely you take over and do controlled ventilation at the onset for a period of time, regardless of what the reason for intubation is. Do you take over everybody with controlled ventilation and paralyze for a period?
Gajic: Not everybody: only those intubated for shock and/or acute hypoxemic respiratory failure.
Kacmarek: OK, agreed.
MacIntyre: One outcome I think would be interesting would be a measurement of sedation needs.
Branson:
The only studies that usually measure sedation needs are the ones associated with APRV [airway pressure release ventilation], for whatever reason 5, 6 : mostly studies in postoperative cardiac cases. They've measured down to how many Euros they spend on the drugs for sedating and hemodynamic support, but they're usually comparing it to what we would all consider controlled ventilation.
MacIntyre: So the control group is suspect under those conditions.
Born and raised on SIMV, in the Downs 7 and Kirby 8 era, I remember when patients went on SIMV who had hypoxemic respiratory failure and normal ventilatory mechanics: the 22-year-old trauma patient who was shot in the liver and had his blood replaced 4 times. Those patients went on a high level of PEEP, and as John Marini described, got a breath like a sigh breath. the era of lung protection SIMV has to be rethought. In the 1970s SIMV was used with a large tidal volume (700 -800 ml), and this acted like a sigh to reduce atelectasis. Today, if the mandatory breath is 400 mL, the same effect will not be seen. John, I'm glad you're here, because I could never get any traction on this with Neil.
MacIntyre: You still haven't.
If the average breathing frequency in the ARDS Network study was 35 breaths/min-I figured this out one time: how many breaths is that in a day? 35 ϫ 1,440 ϭ about 50,000 breaths a day. Go back to Kirby and Downs Chest paper 7 : in their high PEEP or super PEEP group the patients were on an IMV [intermittent mandatory ventilation] rate of 4 breaths/min (4 ϫ 1,440 ϭ 5,600), so they get nowhere near the number of breaths. And if lung injury is not only from how big the stretch is, but how often it is-I'm just being controversial here, not saying we should all go home and do this-how do we know it wouldn't be different?
Kacmarek:
We have no idea. And we did the same thing years ago, but those patients were working their butts off during those spontaneous breaths, so their transpulmonary pressures could have been huge, even though they did not receive frequent mandatory breathes. If you go back even further as to why SIMV was developed, it was because the only mode we had on ventilators was controlled mechanical ventilation. It was to allow patients to interact with the ventilator, which we could not do back in the late 1960s and early 1970s. The reason was simply the lack of technology at the time, which is why, when I look at today's capabilities, I think there's no need to continue a mode that was developed simply to allow us to do something that we can do more effectively and efficiently with today's technology.
Branson: So what do you think about ASV [adaptive support ventilation]?
Kacmarek: I think it may have a place. We don't totally know yet about it, and it depends how it's applied and in what particular settings. During controlled ventilation it seems to work very well, but we need more data during assisted ventilation.
Branson: ASV is SIMV plus pressure support or SIMV plus volume support. We're all getting greyer at these meetings, but, from my standpoint, patients seem to tolerate a lot of what we do to them, which is good. We've got hospitals that use only APRV, hospitals that use only pressure controlled continuous mandatory ventilation, and hospitals that use only volume controlled continuous mandatory ventilation, and for the most part patients have similar good outcomes. These are academic centers where the experts are at the bedside helping fix these problems. And maybe that's why there's no real difference in outcomes. Maybe we need to start addressing the average hospital where Dr Marini doesn't work and see what happens there.
Hess:
The tendency of most patients is to get better despite what we do to them.
Branson: Thank goodness.
